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Accurate perception of surface reflectance poses a significant computational problem for
the visual system. The amount of light reflected by a surface is affected by a combination of
factors including the surface’s reflectance properties and illumination conditions. The latter
are not limited by the strength of the illuminant but also include the relative placement
of the light illuminating the surface, the orientation of the surface and its 3d shape,
all of which result in a pattern of luminance gradients across the surface. In this study
we explore how luminance gradients contribute to lightness perception. We introduce a
novel, simple lightness illusion. It consists of six separate checks, organized in rows of
two. Each check has a negative luminance gradient across it. The top and the bottom
rows are the same: with the darker check on the left, and the lighter check on the right.
Two checks in the middle row are identical; however, the check on the right appears
darker than the check on the left. As there are no shared borders between the checks,
simultaneous contrast cannot explain the effect. However, there are multiple possible
explanations including spatial filtering (Blakeslee and McCourt, 2004) or some higher-order
mechanism such as perceptual grouping or amodal completion. Here, we explore these
possibilities by manipulating the luminance configurations and the gradient slopes of the
checks.
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INTRODUCTION
Accurate perception of surface reflectance poses a significant
computational problem for the visual system. The amount of
light reflected by a surface is affected by a combination of factors
including the surface’s reflectance properties and illumination
conditions. The latter are not limited by the strength of illuminant
but also include the relative placement of the light illuminating
the surface, the orientation of the surface and its 3d shape, all
of which result in a pattern of luminance gradients across the
surface. In this study we explore how presence of luminance
gradients in parts of the image contributes to lightness perception.
Here, we introduce a novel illusion (Figure 1). It consists of
six checks, organized in rows of two. Each check has a linear
luminance gradient across it; for example, in Figure 1, the lumi-
nance increases from the left to the right side of each check (the
luminance profiles of each check are shown schematically in the
right panel of Figure 1). The top and the bottom rows are the
same: with the overall darker check on the left, and the overall
lighter check on the right. The two checks in the middle row are
identical; however, the check on the right appears darker than the
check on the left.
This illusion can potentially be considered a simplification of
Adelson’s (2000) checker shadow illusion, and a modification of
Kitaoka’s (2005) simplified rendering of it, “Adelson’s checker-
shadow illusion-like gradation lightness illusion”, with one critical
difference: the gradient checks in our display are separated, while
Adelson’s and Kitaoka’s displays use continuous checkerboards
in which at least part of the observed effect can be explained
by border contrast, a change in surface lightness due to differ-
ent luminances of the immediate surrounds (Cornsweet, 1970;
Kingdom and Moulden, 1988; Hung et al., 2007). Because there
are no shared borders between the checks in our illusion, simple
edge integration models (Land and McCann, 1971; Hurlbert
and Poggio, 1988; Rudd and Zemach, 2004; Rudd and Popa,
2007, for review see Gilchrist et al., 1999) cannot explain the
effect.
There are, however, multiple potential explanations for our
illusion including spatial filtering (Blakeslee and McCourt,
1999, 2004) and higher-order mechanisms such as amodal
completion—when objects are perceived as whole even though
only parts of them are visible. For example, simultaneous contrast
effects by amodal completion were observed in several studies,
including Bressan’s Dungeon illusion (Bressan, 2001, 2006a,b)
and Boyaci et al’s modified Craik–O’Brien-Cornsweet illusion
(Boyaci et al., 2010). In addition, illumination discounting models
might predict that the change in lightness is related to the overall
luminance distribution in the scene, and a 3d interpretation of
the surfaces (Bergström, 1977, 1982; Bergström et al., 1984; Knill
and Kersten, 1991; Arend, 1994; Bloj et al., 1999). To explore
these possibilities, and better understand the observed effect, we
manipulated the luminance configurations and gradient signs of
the checks.
Frontiers in Human Neuroscience www.frontiersin.org December 2014 | Volume 8 | Article 977 | 1
Pereverzeva and Murray Luminance gradient lightness illusion
FIGURE 1 | Left panel: The Gradient illusion. The two checks in the
middle row are identical; however, the check on the right appears darker
than the one on the left. Right panel: schematic depiction of luminance
profiles of corresponding “checks”.
METHODS
SUBJECTS
Seven subjects (five of whom were naïve to the purpose of the
experiment), aged 23–44 participated in the experiments. All had
normal or corrected to normal visual acuity. Prior to testing, in
accordance with the University of Washington Human Subjects
Institutional Review Board, an informed written consent was
obtained from the subjects. All seven subjects participated in
conditions of experiment 1 and 3 with Configurations 1, 2 and
7. Five of these subjects participated in the experiment 2 with
Configuration 5, and three subjects—in experiments 2 and 3 with
Configurations 3, 4, and 6.
APPARATUS AND STIMULUS SPECIFICATIONS
The apparatus consisted of a ViewSonic G90fB on an ATI Radeon
HD 4800 series color graphics display monitor controlled by
a Dell Studio XPS 435T PC, and calibrated with a PR 650
spectroradiometer (Photo Research, CA). The monitor had a
peak luminance of 150 cd/m2 and a black level of 0.16 cd/m2.
It extended 40 by 29◦ of visual angle at a viewing distance
of 57.0 cm. The test stimuli were six 3.5 by 2.7◦ achromatic
rectangular “checks” embedded in a full-field white surround,
and positioned centrally. The checks were organized into three
rows of two checks each separated by 0.8◦ gaps vertically and
horizontally.
For simplicity, all stimulus luminances are specified in Instru-
ment Luminance (IL), defined as 100%*(L-Lmin)/(Lmax-Lmin),
where L is the stimulus luminance, Lmin is the black level
of the monitor and Lmax is the maximal available lumi-
nance of the display. When present, all linear luminance gra-
dients will be defined as (%IL(right) − %IL(left))/size(deg),
where %IL(right) and %IL(left) are respective ILs on the
left-hand and the right-hand sides of the gradient and size
is the width of the rectangle), in degrees of visual angle.
The stimulus luminance profiles are adequately represented
by two values: space-average luminance and linear gradi-
ent.
An example of luminance profile depiction is shown in the
right panel of Figure 1. Each rectangle represents the respective
“check” of the illusion; with luminance profile as a function of
spatial location on each check, shown separately.
In all configurations of this study, the stimuli were six checks
organized into three rows of two checks each. In each configu-
ration, the originally presented checks in the middle row (Test
and Match) were always physically identical to each other, and
had the mean IL of 58.8. When the gradient was present, the
Test and Match gradient was either 9.0 or −9.0 (as in Con-
figuration 2 of Figure 2). In each configuration, the top and
the bottom “flanker’ rows were always identical, and with an
exception of Configuration 5, which consisted of lighter and
darker checks, with respective mean luminances of 78.6 and
44.1 IL. When gradients were present in the flanker checks,
they were 9.1 and 17.4, respectively (or −9.1 and −17.4).
In Configuration 5 the luminances of all flanker checks were
58.8 IL, same as the overall luminance of the Test and Match
checks. The surround luminance was 100 IL throughout the
experiment.
PROCEDURE
The subjects were instructed to adjust the luminance of Match
checks to match the appearance of the Test checks. The adjust-
ment was done in luminance steps of +/−1 IL, by pressing
FIGURE 2 | The gradient illusion. The graph shows luminance match
settings, when the overall luminance of the Match check (mid-row, right)
was adjusted to match the Test check (mid-row, left), for individual subjects
(error bars are SE for 10 matches done by each subject)—colored bars; and
the mean match of 7 subjects error bars are the SE of the mean)—gray
bars. Veridical match is indicated by a horizontal dotted line through 58.8 IL.
Luminance profiles of each check by location are shown schematically for
two configurations in the middle set of panels, plotting luminance as a
function of location on each check. The lower set of panels show the
gradient configurations (scaled), as presented to subjects. In Configuration
1, the Match check appears darker than the Test. In Configuration 2 this
effect is reversed.
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“1” or “2” keys. Only the overall luminance of the Match was
changed by the adjustments; the gradient was held constant.
Once the subjects were satisfied with their settings, the matches
were recorded by pressing a “7” key, which also initiated a new
trial. The judgments were made under free viewing conditions,
with unlimited viewing time; each trial was preceded by a 20 s
adaptation period. A total of 10 trials per Configuration were
collected. Each experimental session consisted of a practice run
followed by pseudo-randomly chosen set of configurations, and
lasted about an hour.
RESULTS
CONDITION 1: THE ILLUSION
The results of the first experiment characterize the magnitude
of the original illusion. To control for possible side bias, the
illusion was presented in two different gradient orientations
(Figure 2: stimulus Configurations 1 and 2: the second con-
figuration is the mirror image of the first). The colored bars
in Figure 2 show individual luminance settings of the match
rectangle, required to match the appearance of the test rectangle
(veridical match is 58.8 IL, shown by the horizontal dashed line).
The gray bars are mean matches of seven subjects, with error
bars representing SE of the mean. The data indicate that for
all subjects, the match rectangle in Configuration 1 appeared
much darker than the test (and had to be adjusted to the
mean luminance of 70.4 +/− 1.01 IL to match the appear-
ance of the test), while in Configuration 2 it appeared much
lighter than the test (and had to be adjusted to the mean
luminance of 47.1 +/− 0.85 IL to match the appearance of the
test).
CONDITION 2: EFFECT OF THE SPATIALLY UNIFORM FLANKERS
To test the possibility that the effect could have nothing to do
with the gradients we removed gradients from the original illusion
shown in Figure 1. The new configuration consisted of two
identical gray checks in the middle row, surrounded by an upper
and lower flanker rows, in which the left checks were darker than
the right. In case of amodally completed contrast, the Match check
should appear darker than the Test. However, the data plotted in
Figure 3 (Configuration 3), indicate that was not the case: there
were no deviations from the veridical luminance match at 59.1830
+/− 0.2008 IL.
We continued to explore this question by restoring the gra-
dients to the middle checks (Configuration 4). Surprisingly,
it resulted in illusory brightness change: The Match check
appeared to be darker than the Test, resulting in the lumi-
nance match setting of 64.5915 +/− 1.6369 IL. The results
were especially surprising given that the only change from
Configuration 3, in which no illusory brightness difference
was observed, was an addition of gradient to the middle row
checks.
Even more surprisingly, replacing the flankers with identical
uniform gray checks, did not change the illusion: the gradient
Match check still appeared darker than the Test, with the resulting
luminance match setting of 63.2647 +/− 0.5834 IL (Configuration
5). The effect is, however, noticeably smaller than that in the main
illusion (Configuration 1).
FIGURE 3 | Effect of the uniform luminance flankers. All conventions are
as in Figure 2. The bars of the same color plot the data of the same
subjects as in Figure 2.
CONDITION 3: EFFECT OF THE GRADIENT FLANKERS. REMOTE
GRADIENTS IN FLANKERS AFFECT LIGHTNESS PERCEPTION IN
UNIFORM CHECKS
We have shown that the lightness of the middle checks is not
affected by the overall luminance of the flankers (Configura-
tions 3, 4 and 5, above), but is it affected by luminance gradi-
ents in the flankers? To explore this possibility, we tested Con-
figuration 6 (Figure 4): Luminance gradients on the flankers
and flat luminance profiles of the middle checks. We found
that introducing positive gradients to the flankers results in
the darker appearance of the Match check, with the resulting
luminance match setting of 62.2549 +/− 0.2254 IL. Finally, we
investigated the interaction between the flanker gradients and
those in the middle checks (Configuration 7). Adding nega-
tive gradients to the middle checks decreases (and for some
subjects, reverses) the illusory darkness in the Match check
with the resulting luminance match setting of 58.1353 +/−
0.5037 IL.
DISCUSSION
We have demonstrated a novel illusory lightness induction effect
from remote luminance gradients. The effect is strikingly large;
about 12% IL, which translates into about 20% luminance
increase (or decrease) in match settings, as compared to veridical.
While we can dismiss the possibility that this effect is due to
border contrast—since there is no border contact between the
checks—other possibilities need to be considered. One of such
possibilities is amodal completion. The idea is that the visual
system may interpret our illusory setup as two sets of surfaces:
the one in front consisting of white crossbars, partially blocking
from view the surface behind it. This back surface consists of
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FIGURE 4 | Effect of the gradient luminance flankers. All conventions are
as in Figure 2.
contiguous checks similar to those in Adelson’s (2000) checker
shadow illusion, and Kitaoka’s simplified interpretation of it
(“Adelson’s checker-shadow illusion-like gradation lightness illu-
sion”). The illusory lightness induction in this amodally com-
pleted surface may be responsible for the observed effect. If this
were the case, we should expect the similar effect in the similar
setups, particularly in the Configuration 3; however, no contrast
effect was observed.
Spatial filtering could be another possible explanation. Spa-
tial luminance configurations of the visual displays, both adja-
cent to and remote from the test region have been shown
to affect a region’s lightness (Blakeslee and McCourt, 2005).
Spatial filtering models (Blakeslee and McCourt, 1999, 2004)
can account for many such effects. Indeed, the data from the
stimulus configurations 1, 4, 3, 6, and 7 show a monotonic
relationship with quantitative predictions of the ODOG model
(McCourt and Blakeslee, personal communication), suggesting
that the ODOG model can account for some of our observed
effects. However, the ODOG model also predicts a relatively
large illusory induction effect in Configuration 3 as well as
in Configuration 7, which were not observed in our data. In
addition, the ODOG model predicts a much larger induction
effect in Configuration 4 than in Configuration 5, due to the
large difference in luminance. However, the induction effects in
Configurations 4 and 5 were about the same, indicating that
spatial filtering alone cannot account for all of the observed
effects.
By comparing configurations with and without the gradients,
we can conclude that the gradient strongly contributed to the
lightness induction effect. For instance, as seen in Configuration
5, as well as in comparison between the Configurations 3 and 4,
introducing gradients into the Test and Match checks resulted in
lightness induction.
Earlier work on illumination estimation and discounting pro-
vides an insight into observed gradient effects (Bergström, 1977,
1982; Bergström et al., 1984; Arend and Goldstein, 1987). In
the real world of objects and illuminants, the luminance pattern
in Configuration 1 would be similar to the luminance pattern
produced by a light/dark checkerboard cylinder illuminated from
the right and viewed behind a white grating. In this case, the
middle-row of checks represent unevenly illuminated “veridi-
cally” light and dark checks on the cylinder surface, and the
illusion would serve to provide the probable surface interpre-
tation by “discounting” the gradient across all 6 checks. Con-
sistent with this possibility, Knill and Kersten (1991) and Bloj
et al. (1999) showed how 3D shape interpretation can radi-
cally change surface lightness (or color and/or lightness). Of
particular interest is also the work of Bergström (Bergström,
1977, 1982; Bergström et al., 1984), who proposed a model of
perceptual analysis, decomposing a stimulus into common and
relative components. A common component (here, the gradi-
ent) will be associated with the illumination and the relative
components (here, the luminances of the checks)—with sur-
face reflectance. Bergström’s model would indicate that the illu-
sion in Configurations 1 and 2 represents a gradient of illu-
mination (light from the right and the left, respectively) on
an object. Configuration 7 presents a particularly interesting
problem with respect to this model, as it has gradients with
opposing directions, which would imply a more complicated
decomposition, and a potential scene interpretation as either
containing two illuminants, or a combination of concave/convex
surfaces. While our data doesn’t have the power of separating
between these possibilities, there are earlier studies address-
ing the question of the gradient inconsistencies (Arend and
Goldstein, 1987), including cases where gradient inconsisten-
cies result in gross luminance overestimation (glare phenomena
and self-luminosity e.g., Zavagno and Caputo, 2001, 2005; Keil,
2006).
Interestingly, under the conditions tested, the spatial loca-
tion of the gradient checks did not determine the lightness
induction effect (but see McCourt et al., 2013). We tested two
different spatial locations: gradients presented concurrently, in
the same row (in the Test and Match checks, Configuration 5),
and in parallel, in different rows (in the flankers, Configuration
6). Either of these gradient configuration resulted in lightness
induction: the Match check was perceived as darker than the
Test.
Can we estimate the total effect from an additive combination
of different gradient configurations? To answer this question,
we can look at the following comparisons: Configuration 3 vs.
Configuration 4, and/or Configuration 5: Adding the gradient
only to the Test and Match checks results in about 5% IL lightness
induction; Configuration 6: adding gradient only to the flankers
results in about 4% IL lightness induction, Configuration 1:
same-sign gradients in both flankers the test and match result
in about 12% IL lightness induction; and finally, Configura-
tion 6 vs. Configuration 7: adding the opposite sign gradient
Frontiers in Human Neuroscience www.frontiersin.org December 2014 | Volume 8 | Article 977 | 4
Pereverzeva and Murray Luminance gradient lightness illusion
in the Test and Match checks eliminates the flanker effect. In
summary, gradient effects in the flankers and in the Test and
Match checks interact in a roughly additive fashion: (Configura-
tion 1 effect ≈ Configuration 6 effect + Configuration 5 effect;
Configuration 7 effect ≈ Configuration 6 effect − Configuration
5 effect).
In summary, we have presented a novel lightness illusion,
which appears to be driven mainly by presence and relative
spatial configurations of luminance gradients, interacting in a
roughly additive fashion. We were not able to account for the
observed effect by either border contrast, amodal completion, or
spatial filtering. Further investigation is needed to identify the
mechanism(s) causing this illusion.
ACKNOWLEDGMENTS
This work was supported by the NSF CAREER award to Scott O.
Murray. We would like to thank Mark McCourt for generously
contributing the ODOG quantitative predictions for our stimulus
configurations, and Alan Robinson for sharing Matlab code for
model prediction calculations (Robinson et al., 2007). We would
like to thank the two reviewers for their insightful comments and
suggestions.
REFERENCES
Adelson, E. H. (2000). “Lightness perception and lightness illusions,” in The
New Cognitive Neurosciences, ed M. Gazzaniga (Cambridge, MA: MIT Press),
339–351.
Arend, L. (1994). “Surface colors, illumination and surface geometry: intrinsic-
image models of human color perception,” in Lightness, Brightness and Trans-
parency, ed A. Gilchrist (Hillsdale, NJ: Erlbaum), 159–213.
Arend, L. E., and Goldstein, R. (1987). Lightness models, gradient illusions and
curl. Percept. Psychophys. 42, 65–80. doi: 10.3758/bf03211515
Bergström, S. S. (1977). Common and relative components of reflected light
as information about the illumination, colour and three-dimensional form
of objects. Scand. J. Psychol. 18, 180–186. doi: 10.1111/j.1467-9450.1977.
tb00275.x
Bergström, S. S. (1982). “Illumination, color and three-dimensional form,” in
Organization and Representation in Perception, ed J. Beck (Hillsdale, N.J.:
Erlbaum), 365–378.
Bergström, S. S., Gustafsson, K. A., and Putaansuu, J. (1984). Information about
three-dimensional shape and direction of illumination in a square-wave grating.
Perception 13, 129–140. doi: 10.1068/p130129
Blakeslee, B., and McCourt, M. E. (1999). A multiscale spatial filtering
account of the white effect, simultaneous brightness contrast and grat-
ing induction. Vision Res. 39, 4361–4377. doi: 10.1016/s0042-6989(99)
00119-4
Blakeslee, B., and McCourt, M. E. (2004). A unified theory of brightness con-
trast and assimilation incorporating oriented multiscale spatial filtering and
contrast normalization. Vision Res 44, 2483–2503. doi: 10.1016/j.visres.2004.
05.015
Blakeslee, B., and McCourt, M. E. (2005). A multiscale filtering explanation of gra-
dient induction and remote brightness induction effects: a reply to Logvinenko
(2003). Perception 34, 793–802. doi: 10.1068/p5303x
Bloj, M. G., Kersten, D., and Hurlbert, A. C. (1999). Perception of three-
dimensional shape influences colour perception through mutual illumination.
Nature 402, 877–879.
Boyaci, H., Fang, F., Murray, S. O., and Kersten, D. (2010). Perceptual grouping-
dependent lightness processing in human early visual cortex. J. Vis. 10:4. doi: 10.
1167/10.9.4
Bressan, P. (2001). Explaining lightness illusions. Perception 30, 1031–1046. doi: 10.
1068/p3109
Bressan, P. (2006a). The place of white in a world of grays: a double-anchoring
theory of lightness perception. Psychol. Rev. 113, 526–553. doi: 10.1037/0033-
295x.113.3.526
Bressan, P. (2006b). In homogenous surrounds, conflicting frameworks and the
double-anchoring theory of lightness. Psychon. Bull. Rev. 13, 22–32. doi: 10.
3758/bf03193808
Cornsweet, T. N. (1970). Visual Perception. New York: Academic Press.
Gilchrist, A., Kossyfidis, C., Bonato, F., Agostini, T., Cataliotti, J., Li, X., et al. (1999).
An anchoring theory of lightness perception. Psychol. Rev. 106, 795–834. doi: 10.
1037//0033-295x.106.4.795
Hung, C. P., Ramsden, B. M., and Roe, A. W. (2007). A functional circuitry for
edge-induced brightness perception. Nat. Neurosci. 10, 1185–1190. doi: 10.
1038/nn1948
Hurlbert, A., and Poggio, T. (1988). Synthesizing a color algorithm from examples.
Science 239, 482–485. doi: 10.1126/science.3340834
Keil, M. (2006). Smooth gradient representations as a unifying account of
Chevreul’s illusion, Mach bands and a variant of the Ehrenstein disk. Neural
Comput. 18, 871–903. doi: 10.1162/neco.2006.18.4.871
Kingdom, F., and Moulden, B. (1988). Border effects on brightness: a review of
findings, models and issues. Spat. Vis. 3, 225–262. doi: 10.1163/156856888
x00140
Kitaoka, A. (2005). Adelson’s checker-shadow illusion-like gradation lightness illu-
sion. Available online at: http://www.psy.ritsumei.ac.jp/∼akitaoka/light2e.html
Knill, D. C., and Kersten, D. (1991). Apparent surface curvature affects lightness
perception. Nature 351, 228–230. doi: 10.1038/351228a0
Land, E. H., and McCann, J. J. (1971). Lightness and retinex theory. J. Opt. Soc. Am.
61, 1–11. doi: 10.1364/josa.61.000001
McCourt, M. E., Blakeslee, B., and Padmanabhan, G. (2013). Lighting direction and
visual field modulate perceived intensity of illumination. Front. Psychol. 4:983.
doi: 10.3389/fpsyg.2013.00983
Robinson, A., Hammon, P., and de Sa, V. (2007). Explaining brightness illusions
using spatial filtering and local response normalization. Vision Res. 47, 1631–
1644. doi: 10.1016/j.visres.2007.02.017
Rudd, M. E., and Popa, D. (2007). Stevens’ brightness law, contrast gain con-
trol and edge integration in achromatic color perception: a unified model.
J. Opt. Soc. Am. A Opt. Image Sci. Vis. 24, 2766–2782. doi: 10.1364/josaa.24.
002766
Rudd, M. E., and Zemach, I. K. (2004). Quantitative properties of achromatic color
induction: an edge integration analysis. Vision Res. 44, 971–981. doi: 10.1016/j.
visres.2003.12.004
Zavagno, D., and Caputo, G. (2001). The glare effect and the perception of
luminosity. Perception 30, 209–222. doi: 10.1068/p3009
Zavagno, D., and Caputo, G. (2005). Glowing greys and surface-white: the photo-
geometric factors of luminosity perception. Perception 34, 261–274. doi: 10.
1068/p5095
Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.
Received: 30 June 2014; accepted: 16 November 2014; published online: 05 December
2014.
Citation: Pereverzeva M and Murray SO (2014) Luminance gradient configuration
determines perceived lightness in a simple geometric illusion. Front. Hum. Neurosci.
8:977. doi: 10.3389/fnhum.2014.00977
This article was submitted to the journal Frontiers in Human Neuroscience.
Copyright © 2014 Pereverzeva and Murray. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution and reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
Frontiers in Human Neuroscience www.frontiersin.org December 2014 | Volume 8 | Article 977 | 5
